ABSTRACT The brown dog tick, Rhipicephalus sanguineus (Latrielle), can be a serious residential pest due to its unique ability, among ticks, to complete its lifecycle indoors. A single engorged and fertilized female tick can oviposit around 4,000 eggs, allowing indoor establishment to be rapid and easy to miss in early-stage infestations. Acaricide treatment is currently the primary method of control, but can be costly and can lead to the development of acaricide resistance in tick populations. Traps of various designs can be used to help monitor and manage populations of indoor pests, such as cockroaches and bed bugs, but there are currently no commercially available traps for use with brown dog tick infestations. This study Significantly more ticks were captured and attracted to the NightWatch and CO 2 -baited ClimbUp traps than the other two trap models. The results suggest that bed bug traps may be useful in brown dog tick monitoring, and CO 2 will likely be an important component of a trapping system employed in the future.
Introduction
The brown dog tick, Rhipicephalus sanguineus (Latrielle), primarily feeds on the domesticated dog, Canis familiaris (L.), although nymphal and larval stages have been known to feed on small mammals such as rodents (Srivastava and Varma 1964) . The brown dog tick is an endophilic species, meaning it can complete its life cycle indoors (Jacobs et al. 2001 , Louly et al. 2007 , Dantas-Torres 2008, Dantas-Torres and Otranto 2011). Based on homeowner contacts to our extension program and submitted tick samples, clients do not recognize brown dog tick infestations until the ticks are quite numerous, with all life stages often present, suggesting an infestation that occurred six or more months earlier (P.E.K., unpublished data). The capacity for indoor development makes the brown dog tick unique from other tick species, and its cryptic behavior presents difficulties with regard to the recognition of an infestation and subsequent management. It is a notoriously difficult pest to control due to acaricide resistance as well as complications with treating all of the tick refuges in residential locations (Miller et al. 2001 , Eiden et al. 2015 . If left unchecked, indoor infestations of brown dog ticks can rise to high levels and cause a great deal of annoyance to dogs and their owners (Goddard 1987 , Demma et al. 2005 , Dantas-Torres et al. 2006 . This tick occurs globally due to the worldwide distribution of its host, and it is particularly numerous in subtropical and tropical regions (Gray et al. 2013) .
Brown dog ticks can vector several pathogens to dogs resulting in diseases such as canine ehrlichiosis (Goddard 1987) and canine babesiosis (Boozer and Macintire 2003) . In fact, R. sanguineus is the primary vector of Ehrlichia canis, the causative agent of canine ehrlichiosis (Groves et al. 1975) . This disease caused the death of hundreds of U.S. military dogs during the Vietnam War (Rikihisa 1991) . Dantas-Torres (2010) states that from a veterinary perspective, R. sanguineus is arguably the most important tick species that vector pathogens to dogs.
As currently practiced, integrated pest management programs for the brown dog tick rely heavily on animal and premise acaricide applications and cultural control and thus, are in need of additional tools to improve their success. In general, people are becoming less content with using chemicals for pest control because the cost is rising, effectiveness is reduced due to developing acaricide resistance, and perceived potential for negative human and companion animal health effects has increased (Samish et al. 2004) . For example, it has now been well documented that human exposure to pesticides during the early stages of development can have detrimental effects on lifelong health, and adult occupational exposure can cause health problems related to the nervous system (London et al. 2012) . The impacts that pesticides can have on humans depends on several factors including the method, dose, and duration of exposure, as well as the type of chemical (Hernández et al. 2013) .
A trap that can effectively attract and capture or kill brown dog ticks would be very helpful in the management of this tick in several ways. Firstly, a trap also could be used as a monitoring device to alert residents of an infestation before it reaches extremely high levels, making control efforts less expensive and invasive. Secondly, it also could serve as an indicator for the level of effectiveness provided through control efforts by detecting tick populations following chemical applications. Finally, a trap could potentially be used to reduce tick populations, alleviating the need for acaricide applications.
Over the years, various volatile semiochemicals, such as CO 2 , have been used to attract ticks to localized areas, either to kill them with a contained acaricide, or to trap them. However, all studies to date have evaluated trapping in outdoor environments and dog kennels (Wilson et al. 1972 , Gray 1985 , Ranju et al. 2013 .
Several commercial bed bug traps are available for use in population monitoring. These traps may intercept bed bugs, provide them with a refuge, or attract the bed bugs with a bait (Weeks et al. 2011) . Interceptive traps capture or kill bed bugs as they attempt to leave or access the bed. Baited traps use constituents such as heat, chemical lures, or a combination of the two, to attract bed bugs (Weeks et al. 2011) . Wang et al. (2011) constructed a simple bed bug trap from an inverted plastic cat feeder and an insulated jug filled with dry ice to dispense CO 2 . The bed bugs, attracted by CO 2 , crawled up the side of the cat feeder, and fell into the talcum powder-coated lip that acted as a moat where they remained trapped. Anderson et al. (2009) designed a similar trap that used a canister of compressed CO 2 as well as a heating element and a chemical lure. Bed bugs and brown dog ticks are both endophilic pests that hide in the cracks and crevices of homes and come out to seek hosts. Due to the behavioral and habitat similarities between the two species, some of the commercially available bed bug traps hold promise for residential R. sanguineus monitoring.
NightWatch (BioSensory Inc., Putnam, CT), ClimbUp (Susan McKnight Inc., Memphis, TN), Verify (FMC Corporation, Philadelphia, PA) and Bed Bug Beacon (PackTite, Fort Collins, CO) are all commercially available bed bug traps that are marketed by their respective companies as population surveillance devices, but their efficacy has not been proven. NightWatch and ClimbUp have been evaluated for bed bugcapturing efficacy with varying results (Wang et al. 2009 (Wang et al. , 2011 .
Evaluating bed bug traps for their efficacy in capturing brown dog ticks would provide much needed data for the development of effective brown dog tick monitoring or control devices. However, like studies with bed bugs, it is difficult to find suitable field sites for testing traps. The reason for this difficulty is that people with infested premises understandably want to treat them as soon as possible. It is unethical to delay treatment that may improve the quality of life of the inhabitants while traps that may or may not be effective, are tested. Therefore, it is crucial that proof-of-concept studies are carried out in the laboratory or ideally a mesocosm before moving to the field.
The objectives of this study were to evaluate four commercially available bed bug traps in a mesocosm for their efficacy in capturing brown dog ticks and to compare the effectiveness of the ClimbUp trap baited with several potential stimuli. The mesocosm of this study was designed to maximize the likelihood of brown dog tick capture in the traps, i.e. small rooms without refugia for the ticks to hide. Traps were evaluated, as provided by the manufacturer or with a few modifications, in two experiments. Ticks. Male and female R. sanguineus adults that were two-to four-weeks postmolt to adult stage were used following purchase from Oklahoma State University (OSU). The R. sanguineus colony at OSU was started with engorged females collected from the natural population of R. sanguineus in Stillwater, OK (Payne County), and has been maintained since 1991. Wild engorged females are introduced every two years, which also originate from Stillwater. All life stages of the OSU R. sanguineus colony are fed on sheep. All stages are held in humidity chambers at 22.8 C, 95% relative humidity (RH), and a photoperiod of 15:9 (L:D) h, when they are not on the host.
All ticks were unfed and flat in appearance. As soon as ticks were received, they were stored in glass jars (10 ml) with plaster in the bottom and screened lids. The ticks were maintained at >90% RH in a sealed cabinet at 24.1 C with a photoperiod of 14:10 (L:D) h. Ticks were handled with forceps, and nitrile gloves were worn to reduce skin contact.
For the first experiment, ticks were released into a mesocosm, which consisted of specially designed assay rooms to evaluate the efficacy of four models of commercial bed bug traps. For the second experiment, one of the four trap models from the first experiment, the ClimbUp trap, was selected for additional study based on tick capture efficacy as well as the traps' likelihood of adoption by stakeholders.
Mesocosm Assay. Two rooms were constructed for assays with dimensions of 2.06 m (l) Â 1.92 m (w) Â 2.16 m (h) (Fig. 1) . These rooms are smaller than those normally found in a home. Cracks were sealed with caulk to prevent tick escape, and the floors and walls were painted white to enhance detection of ticks. A false ceiling (15 cm below room ceiling) of fine mesh screen allowed air movement into the room but prevented tick escape. Two clear, polyacrylate doors positioned 45 cm above the floor and on opposite ends of the rooms were sealed to prevent air or tick escape. The doors allowed for observations inside the rooms without disturbing air circulation and allowed access for personnel. There were no windows to allow light from outside to enter the rooms, and the antichambers adjacent to the rooms were kept dark during each assay, so that the only light source came from the identical overhead 120 cm fluorescent bulbs (34 W) in each room.
Each room was provided with an air ventilation system that delivered air into the room from above the screened ceiling, and removed air from the rooms through four vents around the base of the wall. Both in-line duct fans (Fantech, Lenexa, KS) were connected to the rooms using flexible dryer duct tubing (10.1-cm in diameter). To ventilate the rooms with two air exchanges per hour, each of the four out-going vents in each room was adjusted to 9.14-m/min. This air exchange rate was chosen to prevent a build-up of CO 2 in the rooms over time. Incoming air was drawn from a heated and cooled antichamber located between both rooms with constant intake of fresh outside air. Air from the antichamber was charcoal-filtered and then humidified prior to room introduction (Essick Air H12 300, Air King, West Chester, PA).
Temperature and RH for each room were recorded using remote access AcuRite weather thermometers with outdoor sensors (Chaney Instrument Co., Lake Geneva, WI). The average temperature during the morning evaluation period (6:00 a.m. to 12:00 p.m.) was 26.01 6 0.25 C, and the average temperature during the afternoon evaluation period (1:00 p.m. to 7:00 p.m.) was 27.24 6 0.23 C. Both evaluation periods were during the photophase of the tick (06:00 a.m. until 08:00 p.m.).
Carbon dioxide levels (ppm) were measured using a handheld carbon dioxide meter (Vaisala GMT222, Houston, TX) prior to and after each assay. The mean changes in CO 2 levels during use of each trap type were calculated by averaging the CO 2 changes from eight assays.
Traps. Four models of commercial bed bug traps were evaluated for their efficacy in capturing brown dog ticks. Three of the traps are commercially available as baited traps, NightWatch, Verify, Bed Bug Beacon, and one commercially available as an interceptive trap ClimbUp (Susan McKnight Inc., Memphis, TN). Preliminary findings revealed that the brown dog tick was proficient at climbing the smooth surfaces of the pitfall area of the various traps, with the exception of the powder-coated pitfall of the ClimbUp trap. Therefore, an odorless talcum powder (Trident Wetsuit EZE Super Slick Powder #LP45, Trident Diving Equipment, Chatsworth, CA) was applied to the inner pitfall surfaces of all the traps to facilitate tick containment.
The ClimbUp trap was modified for use in this study with the addition of CO 2 as both an activator and attractant. A blue and white insulated thermos (1.89 Liter Igloo Legend, Igloo Products Corp., Houston, TX) was filled with approximately 1.8 kg pelleted dry ice and placed upside down in the center of the ClimbUp trap so that CO 2 would escape through an orifice (1.2-cm). This trap design was similar to the home-made trap used by Wang et al. (2011) . The production of CO 2 by the dry ice was calculated according to weight loss over time. As 1 g of dry ice will produce 450 ml of CO 2 at room temperature then the average production of CO 2 over the 6-h test period would be 992.5 ml/min. The electronic NightWatch trap produced heat (45 C) from the sides and top of the device and had a regulator to emit CO 2 at 161 ml/min from a compressed gas canister (567 g; Wang et al. 2011 ). The Verifi trap had premanufactured CO 2 booster packs that contained a collection of proprietary compounds which, when combined, produced low levels of CO 2 for a 24-h period. The Bed Bug Beacon trap contained a CO 2 production kit that produced CO 2 when mixed with water. The flow rate being produced by the Bed Bug Beacon and the Verify were too low to measure by weight loss or using an anemometer. With the exception of the NightWatch trap, the CO 2 source for each trap was renewed for each replicate to ensure consistent CO 2 production. Both the NightWatch and Verifi traps were designed to use additional semiochemical attractants as lures, but these were not used because the attractants of focus in this study were CO 2 and heat.
Trap Model Experiment. Ten ticks of mixed sex were released in each of the four corners of both rooms, at least 15-cm from the walls for a total of 40 ticks in each room. Once released, ticks were allowed 1 h to acclimatize before traps were introduced. Following acclimatization, one trap was placed approximately 1-m from the walls and in the center of each room. The doors were closed, the overhead fluorescent At the end of the 6-h capture period, the locations of individual ticks within the rooms and on traps were recorded. Three response variables were used to evaluate trap performance: number of ticks captured, number of ticks attracted, and number of ticks activated. Only ticks recovered in the pitfall of the trap were considered captured. Number of ticks attracted was considered as the total number of ticks counted on the trap plus those captured. Number of ticks activated corresponded to the total number of ticks on the floor of the room plus the number captured and attracted. Because approximately 90% of ticks were located on the walls after acclimatization due to a propensity of ticks to climb, the location of ticks on the floor were interpreted and recorded as activation towards the trap.
At the end of each assay, final CO 2 levels were measured, the locations of all ticks were recorded, and ticks and traps were removed from the room. A high-velocity fan was used to evacuate air from the rooms and antichamber and to return CO 2 levels inside the rooms to background levels. Thereafter, new groups of 40 ticks were released into the rooms and allowed 1 h to acclimatize and the second assay was run as previously described. Rooms were left vacant overnight with ventilation fans running.
Assays were conducted using a latin-square design replicated for 8-d, where each of the four traps was tested eight times with 40 ticks per test. Trap-roomday combinations were organized so that all four traps were tested each day, each trap was tested in both rooms, and each trap was tested at both times of day, ensuring that all combinations were equally represented during the 8-d testing period.
Stimulus Comparison Experiment. For this second experiment, the most effective trap model (from the first experiment) was selected (ClimbUp) and the impact of CO 2 , heat, and the visual stimulus of the thermos was evaluated. For the CO 2 treatment, a blue and white insulated thermos (1.89 Liter Igloo Legend, Igloo Products Corp.) was filled with pelleted dry ice and placed in the center of the ClimbUp trap using a configuration identical to the one used in the previous experiment. The heat treatment consisted of an empty thermos (i.e., no dry ice) placed on top of an air-activated hand warmer (Hot Hands, HeatMax Inc., Dalton, GA), producing temperatures of 44-45 C throughout the assay. A control, to assess the visual stimulus of the trap, consisted of an empty thermos (i.e., no dry ice) placed on a ClimbUp trap. Finally, the blank treatment consisted of a ClimbUp trap with no thermos or heat pack. Similar to the previous experiment, all treatments were replicated eight times, with replications conducted in each of the two rooms and at each of the time intervals (morning and afternoon).
Statistical Analysis. Trap Model Experiment. The data of the evaluation of trap model experiment were analyzed using a one-way analysis of variance with the main factor of trap model and blocking factors of assay room (one or two) and time-of-day (a.m. or p.m.). An additional random effect of combination time-of-day and date was also included. The variables analyzed were the average number of ticks captured, attracted, and activated out of a total of 40 ticks released at the start of the assay and concentration of CO 2 at the end of the test. For all four variables analyzed, no departures from normality were observed; hence, no transformations were necessary. Comparisons of predicted means of the different trap levels tested were evaluated by Least Significant Difference (LSD). The analysis was repeated with the covariate of average temperature. To evaluate the effect of CO 2 on number of ticks caught, attracted, and activated, a covariate corresponding to the concentration of CO 2 at the end of the test was fitted to the previous model individually or in combination with trap model. Stimulus Experiment. Data were analyzed with the same linear model as with the previous experiment. As before, no departures from normality were observed, and predicted mean differences were evaluated using LSD. All tests were evaluated with a significance level of 5% using SAS version 9.2 (SAS Institute, Cary, NC).
Results
Trap Model Experiment. Significantly fewer (F 1,26 ¼ 6.85, P ¼ 0.0146) ticks were attracted to traps tested in the morning (a.m.) evaluations (5.94 6 SEM 0.61) as compared with ticks attracted to traps placed in afternoon (p.m.) evaluations (8.1 6 0.61). Covariate analysis revealed that mean temperature significantly influenced the mean number of ticks captured for the attractant combination experiment (F 1,23.3 ¼ 28.74, P < 0.0001). A one degree Celsius increase in temperature translated into 0.75 more ticks captured. There also was a significant difference (F 1,26 ¼ 5.40, P ¼ 0.0282) in the mean number of ticks captured between the two rooms (5.31 6 0.67 in room one versus 3.13 6 0.67 in room two). However, the number of ticks caught by trap model followed the same trend in each room. Furthermore, this effect was not present in the second experiment so is not believed to be a problem with the rooms.
Trap model significantly affected responses of R. sanguineus, with differences between traps observed for numbers captured within the pitfalls of the traps (F 3,26 ¼ 10.44, P ¼ 0.0001), attracted (F 3,26 ¼ 24.41, P < 0.0001), and activated (F 3,26 ¼ 12.06, P < 0.0001). Although the mean number of ticks captured with the baited ClimbUp bed bug trap was the greatest (6.63 6 0.94), it was not significantly different than the number of ticks captured with the NightWatch and Verifi bed bug traps (Table 1 ). The Bed Bug Beacon did not catch any ticks during any of the evaluation periods. The numbers of ticks attracted onto the baited ClimbUp and NightWatch traps were significantly higher (a ¼ 0.05) than the numbers of ticks attracted onto the Verifi and the Bed Bug Beacon traps (Table 1) . The number of ticks activated in the presence of the baited ClimbUp trap was the greatest (15.38 6 1.25) and was significantly greater (a ¼ 0.05) than all three of the other traps tested. The presence of the Bed Bug Beacon resulted in activation of the fewest number of ticks (4.88 6 1.25).
The average CO 2 concentration in the room after evaluation of each trap model was significantly different (Table 1 ; P < 0.0001). The baited ClimbUp trap generated a significantly greater increase in CO 2 than all three other traps, with an average increase of >3,000 ppm. The concentration of CO 2 in the room at the end of the test was significantly positively associated with the number of ticks caught (P ¼ 0.0217), attracted (P ¼ 0.002), and activated (P < 0.0001). The corresponding slopes were estimated as 1.11 (SE ¼0.46), 1.98 (SE ¼ 0.47), and 2.87 (SE ¼ 0.46) ticks caught, attracted, and activated per 1,000 ppm increase in CO 2 at the end of the test, respectively. However, when the model was fitted with CO 2 concentration at the end of the test as a covariate, in combination with the trap model factor, then the effect of this covariate on ticks caught (P ¼ 0.4529), attracted (P ¼ 0.8879), and activated (P ¼ 0.3979) was not significant.
Stimulus Comparison Experiment. The presence of CO 2 in conjunction with the ClimbUp trap clearly impacted significantly the numbers of ticks captured (F 3,21.3 ¼ 16.32, P < 0.0001), attracted (F 3,20 .3 ¼ 11.98, P < 0.0001), and activated (F 3,21 ¼ 9.85, P ¼ 0.001). For all treatments, responses were greatest to traps baited with CO 2 (Table 2 ). There were no significant differences between the other stimulus treatments (P > 0.05).
Discussion
The specially designed mesocosms enabled us to evaluate the effectiveness of the four bed bug traps for trapping brown dog ticks in a controlled and ethical manner. The rooms contained the ticks and the environmental conditions were well controlled enabling the differences in capture, attraction, and activation of ticks between trap models to be determined.
During both the trap comparison and the attractant evaluation studies, a large proportion of the ticks attracted to the traps were found on the trap, but not in the containment area (pitfall) of the trap. For example, the mean number of ticks captured in the pitfall of the baited ClimbUp trap in the trap evaluation was 6.63 (16.58%) while the mean number of ticks on various surfaces of the trap plus the number captured in the pitfall was 11.63 (29.08%). Personal observations revealed that the ticks often crawled onto the initial vertical surfaces of the trap and then aggregated, either on the vertical side of the trap or on the highest edge prior to the pitfall, as though they preferred not to move downwards into the pitfall. Indeed, the brown dog tick has a strong tendency to crawl upward (Goddard 1987) . Additionally, the brown dog tick was able to grip the vertical plastic surface of the pitfall to avoid being captured, which is a capability bed bugs do not have. Therefore, the number of ticks captured appears to under-represent the potential of the trap, and so the numbers of ticks captured in the pitfall, found crawling on the sides of the trap, and found on the floor were counted. Table 1 . Efficacy of four bed bug trap models baited with CO 2 for capture, attraction, and activation of adult brown dog tick, R. sanguineus, in a 6-h period in a mesocosm a Number (%) of ticks captured in the pitfall of the trap. b Number (%) of ticks captured in the pitfall of the trap and observed on the trap. c Number (%) of ticks captured in the pitfall of the trap, observed on the trap, and observed on the floor of the room. d Concentration of carbon dioxide in the room at the end of the test. e Standard error of the mean. f Predicted means within a column followed by a different letter indicates significant differences (based on Least Significant Difference tests, P < 0.05). Each test consisted of releasing 40, mixed-sex adults and was replicated eight times. 
a Only trap (Blank), trap with empty thermos (Thermos), heat plus empty thermos (Heat, Thermos) or trap with dry ice in thermos (CO 2 , Thermos).
b Number (%) of ticks captured in the pitfall of the trap. c Number (%) of ticks captured in the pitfall of the trap and observed on the trap.
d Number (%) of ticks captured in the pitfall of the trap, observed on the trap, and observed on the floor of the room.
e Standard error of the mean. f Predicted means within a column followed by a different letter indicate significant mean differences based on Least Significant Differences (P < 0.05). Each test consisted of releasing 40, mixed-sex adults and was replicated eight times.
In trap model comparisons, the baited ClimbUp bed bug trap equipped with dry ice proved to be the most efficacious trap in review of the responses evaluated. Although the NightWatch trap was similar in efficacy to the CO 2 -baited ClimbUp trap, the ClimbUp is considered more practical for consumer use based on initial investment expense, and the lack of need for a power source. Specifically, the upfront cost of the NightWatch unit at US$350.00 was not comparable with the relatively inexpensive plastic dish design of the ClimbUp, which costs from US$10.00 to US$40.00, depending on size. Therefore, the ClimbUp trap was designated for further study with additional attractive stimuli combinations.
The results of this study show that while the number of ticks caught, attracted, and activated was positively associated with the amount of CO 2 produced by each trap, the amount of CO 2 in the room did not fully explain the differences in trapping efficacy between the trap models. Greater levels of CO 2 production resulted in greater numbers of ticks captured, attracted, and activated. The dry ice used in the baited ClimbUp trap generated the highest CO 2 concentrations within the test room, with the NightWatch trap generating the second-highest concentration, albeit significantly lower than the concentration generated by the baited ClimbUp. These two traps were also the most efficacious. This relationship is similar to the findings of Wang et al. (2011) , where traps with the highest CO 2 output caught the most bed bugs. In fact, Wang et al. (2011) found the most effective trap to be a homemade device consisting of an inverted cat feeder baited with a dry ice-filled thermos. This trap design is similar to the dry ice-baited ClimbUp trap used in the current study.
An increase in tick responsiveness and attraction to CO 2 has been shown in other studies as well. Lone star ticks, Amblyomma americanum (L.), exposed to varying concentrations of CO 2 in a Y-tube olfactometer will respond indifferently to concentrations below 2%, but at concentrations of 2% and above, significantly more ticks moved toward the arm of the Y-tube that was producing the higher concentration of CO 2 (Sauer et al. 1974) .
The results of the experiment with different attractants suggest that the brown dog tick can be consistently lured to a trap baited with CO 2 . The importance of CO 2 in tick activation and attraction has been demonstrated several times, either as a standalone attractant (Wilson et al. 1972 , Gray 1985 , or in combination with other semiochemicals (Ranju et al. 2013) . Wilson et al. (1972) found that CO 2 -baited traps were capable of capturing 50 adult A. americanum for every one adult that was captured using the flagging method. Gray (1985) reported that CO 2 -baited traps captured more adult Ixodes ricinus (L.) than flagging. In the current study, R. sanguineus were significantly more activated and significantly more ticks were captured in the ClimbUp trap when the attractant combination included CO 2 , indicating that CO 2 is an important component in brown dog tick attraction, and thus should be considered for inclusion in a brown dog tick trap.
The number of ticks captured in these studies was lower than the number found in the general vicinity of the traps. Therefore, to improve the tick capture rate, a different method of capture, such as immobilizing the ticks, seems necessary. Perhaps a sticky, flat surface, similar to the one used by Gray (1985) to effectively capture I. ricinus, or a surface treated with a contact toxicant could be used with or instead of the pitfalls. As mentioned before, R. sanguineus are commonly observed crawling upwards (Goddard 1987) , and that seemed to reduce the efficacy of the pitfall traps due to the ticks behavior of resting on the precipice of the pitfall. To become trapped in a pitfall, the ticks must crawl or fall downwards. A horizontal sticky or toxic surface would probably be more effective, because the ticks would contact the surface and become immobilized or poisoned without the requirement of downward movement.
Heat has not been well documented as a host location cue for ticks. In bed bugs the response to heat has been documented to occur over a short distance of <3.5 cm (Aboul-Nasr and Erakey 1967). Within that range (0-3.5 cm) a difference of 1-2 C can initiate attraction and probing (Rivnay 1932, Aboul-Nasr and Erakey 1967) . Anderson et al. (2009) found heated traps captured significantly more adult bed bugs, but not immature bed bugs, than unheated traps in the laboratory. However, in field experiments heat only traps did not catch significantly more bed bugs than a control trap (Anderson et al. 2009 ). When heat was combined with CO 2 the trap catch of adult bed bugs was significantly increased, from 338 to 668 bugs (Anderson et al. 2009 ). In the current study a heated trap did not attract significantly more ticks than the unbaited ClimbUp. However, the combination of CO 2 and heat was not tested and could have provided interesting results.
The mean temperature during the morning evaluation period was lower than the mean temperature during the afternoon evaluation period. Covariate analysis revealed that mean temperature significantly influenced the mean number of ticks captured for the attractant combination experiment. Consequently, more ticks were caught in traps in the afternoon evaluations, when tick testing rooms were warmer (26.54 C), than in the morning evaluations (24.85 C). These findings suggest that slight differences in temperature play an important role in R. sanguineus behavior and activity. Gray (1985) suggested that temperature may have affected the rate of capture of I. ricinus in the field using a CO 2 -baited trap. Temperatures were recorded for each day of trapping, and ranged from 14 to 21 C. Higher temperatures coincided with greater numbers of captured ticks (Gray 1985) .
The baited ClimbUp trap was the most effective of the four traps tested (Table 1 ). This may be attributed to its high production of CO 2 ; however, there was some concern that the visual stimulus provided by the blue and white thermos that was used to contain the dry ice may have been responsible for some of the attraction exhibited by the ticks, as none of the other traps tested had any blue coloration. For this reason, an empty blue and white thermos was used as a treatment in the stimulus comparison experiment. As tick attraction to the treatment comprising an empty thermos with no dry ice was not significantly different from the empty ClimbUp control (Table 2) , we are confident that CO 2 was the only stimulant to which the ticks were responding.
The goal of this research was to determine if a bed bug trap could be used to monitor for infestations, monitor for ticks postacaricide treatment, and potentially control tick populations. Tick attraction to the CO 2 -baited ClimbUp device was shown, which does suggest that it may be useful in tick control and monitoring. However, the design of the current study did not reveal how effective this system would be in a room naturally infested with brown dog ticks. In fact, the mesocosms used in this study were designed to maximize the likelihood of tick capture (i.e. small rooms without refugia for the ticks). It would therefore be useful for future research to involve the placement of traps, similar to the baited ClimbUp trap from this study, in homes with actual brown dog tick infestations. This would determine how effective traps could be for tick monitoring and population control. Testing traps placed in environments with relatively low tick populations coupled with ample refugia for the ticks would determine how efficacious these traps might be for the detection of low tick populations.
In conclusion, the use of traps baited with CO 2 has great potential to aid in brown dog tick management efforts. The results of this study demonstrated that bed bug traps have potential to serve as traps for brown dog ticks, perhaps with modifications, such as sticky trap surfaces rather than smooth-walled pitfalls or the addition of semiochemicals. These findings will assist future research in the development of effective trapping systems for R. sanguineus.
